Dynamic response of offshore structures to random sea waves and strong earthquake motions is investigated. Sea waves are modelled by Bretschneider's wave energy spectrum and ground motions are represented by Kanai's power spectrum. Governing equation of motion is obtained by the substructure method. Response analysis is carried out using frequency-domain random vibration approach. Wave responses are found to be generally larger whereas seismic responses are smaller when soil-structure interaction effects are considered. Reliability studies show that earthquake loadings provide comparable results to those of wave loadings, but the latter have more significant effects on response evaluations because of the longer duration time.
INTRODUCTION
A realistic design method in any offshore construction project should incorporate the dynamics of sea waves in a probabilistic sense, since they are random in nature. The nondeterministic analysis methods for offshore structures have been proposed by Foster, and Malhotra and Penzienz. For a typical offshore structure located in a seismically active region, earthquake loading should also be considered in the design. Earthquake motions are generated through numerous random phenomena and are essentially random in nature. Several methods3'4 are available for the seismic response analysis of structures on land. But these methods can not be directly applied to offshore structures due to the presence of surrounding water and sea waves. Dynamic analysis is complicated due to the fact that hydrodynamic forces are coupled to the dynamic response. Penzien, et al. presented a stochastic method of analysis for rigidly supported offshore towers subjected to random sea waves and strong motion earthquakes. They observed that the hydrodynamic drag effects on the seismic response become important with increasing tower period or water depth. Seismic response of offshore structures considering soil-structure interaction has been studied by Takemiya, et al. 6) . They concluded that the internal forces are halved if soil-structure interaction is not included. However, in their analysis, the hydrodynamic forces due to sea waves were not included.
In this study, dynamic response of offshore structures subjected to random sea waves and strong motion earthquakes is investigated. Emphasis is placed on the evaluation of dynamic soil-structure interaction effects. The structure is discretized using the finite element method. The governing equation of motion is derived, independently for the sea wave loading case and the earthquake loading case, using the substructure method. Response analysis is carried out using the mode superposition method and the frequency-domain random vibration approach. Reliability of the offshore structure for typical sea states and strong motion earthquakes is also examined. The effects of soil-structure interaction on the responses are discussed.
EQUATION OF MOTION
The offshore structures can be discretized by lumping masses at selected nodal points and using the resultant forces over the corresponding projected areas and volumes. Fig. 1 shows the elevation of a tower model. The equation of motion is derived by substructure method6'7 in which the structure-pile-soil system is hypothetically divided into two substructures: the structure and the pile-soil foundation. [Kr] is the stiffness matrix of the pile-soil foundation and { FpI is the interacting force vector from the superstructure on the foundation. The dynamic stiffness coefficients of the pile-soil foundation are interpreted as a generalized spring-dashpot system (Fig. 2) . They are assumed to be independent of the excitation frequency, and are computed8 for lateral and rotational modes of vibration of the piles embedded in soft uniform soils. The equation of motion for the structure-pile-soil system is obtained by substructure method by combining eqs. (1) and (2) and by satisfying the compatibility conditions of displacements and the equilibrium conditions of forces at the base nodes.
3.
DYNAMIC RESPONSE TO RANDOM SEA WAVES
In the following development, linear wave theory is assumed. Vertical force and interference from other legs are neglected. Considering the relative Fig, 1 Analytical model of structure-pile-soil system. motion between the waves and the structure, the wave force vector { Faf is expressed using the Morison in which Z, is the depth of footing connecting the base of the tower with the pile head. Now using Eqs. (3), (4) and (5), the equation of motion for the structure-pile-soil system subjected to sea wave loading becomes is the corresponding eigenvalue (square of the circular frequency) for the j th mode of the structure with rigidly supported base condition, is the damping ratio which includes both the structural damping and the hydrodynamic damping, I u j is the dynamic displacement of the structure for the rigidly supported condition; q} is the modal displacement vector for dynamic displacements and the superscript T denotes the transpose of a matrix. Eq. (6) contains nonproportional damping matrix and hence complex eigenvalue analysis must be carried out for exact response analysis. However, when the natural frequencies of the structure are well-separated, it has been observed10 that the modal coupling effects due to off-diagonal terms are negligible. The present structure-pile-soil system has well-separated natural frequencies for first few vibration modes, and simplifying approximation can be made by considering only the diagonal terms of the damping matrix.
The response quantities in Eq. (6) can be expressed as a linear combination of generalized coordinates Therefore Eq. (6) can be rearranged as in which [rte] is the eigenvalue for jth vibration mode of the structure-pile-soil system, fl=corresponding damping ratio which includes the structural damping and the hydrodynamic damping.
On the other hand, the water particle velocity and acceleration must be known for the response analysis of Eq. (8) . But, these variables take random values in a real sea and require the application of random vibration approach. Their cross spectral density terms derived by Malhotra and Penzien2 are used in this paper. Bretschneider's one-dimensional wave spectrum10, which is a function of statistically known mean wave height H and mean wave period 7', is adopted to describe the random sea state. For the response analysis using Eq. (15), the ground accelerations must be known. Since earthquake ground motions are random processes, their characteristics are modelled stochastically using power spectral density functions. In this study, the ground accelerations are represented by the Tajimi-Kanai's12 expression for the stationary filtered white noise. The power spectrum of the generalized modal forces is where Sugi9(O)) is the power spectrum of the ground acceleration u, and the eigenvector [!t] is defined by Eq. (7). Once SFF(() is known, the variance of the modal responses and the relative responses at each nodal point are similarly computed using Eqs. (11) and (12).
COMPARISON OF SEA WAVE RESPONSE AND EARTHQUAKE RESPONSE
After computing the responses, the next step would be to clarify the reliability of offshore structures. A critical reliability analysis must include a systematic analysis of uncertainties associated with the offshore environment loadings, geotechnical conditions and performance of structures. However, in this study, only a preliminary reliability analysis is carried out to examine the relative importance of wave and seismic responses. The probability distribution of time to first passage across specific barriers is determined.
For a zero-mean Gaussian process x(t) with spectral density function G(a) about its central frequency v the degree of dispersion is expressed using a bandwidth parameter gx13), 14) as where The reliability L(A) of the structure corresponds to the probability of x ( t) not exceeding the critical barrier A and is given as where in which t0 is the duration of the input excitation and y=A/ & is the reduced level.
RESULTS AND DISCUSSIONS
The dynamic response analysis is carried out for the offshore tower model shown in Fig, 1 . The tower is 120 m high and the depth of water is 110 m from mean sea level. The main members have an outer diameter of 2. 8 m and a thickness of 27 mm. The structural members as well as the piles are made of steel. The shear velocity Vs in the soil is assumed to be 100 m/sec. The natural frequencies and vibrational mode shapes are computed by eigenvalue analysis, firstly for the rigidly supported base condition (case j) and then for the soil-structure interaction condition (case II). Cm is the inertia coefficient and Cd is the drag coefficient, 2.0 and 1.0 are used in this analysis, respectively. The corresponding values of natural periods for upto third mode of vibration are shown in Table 1 . Since the soil-pile-foundation system is relatively stiff, there is not much difference between the natural periods of both cases.
(1) Dynamic response to random sea waves Fig. 3 shows the examples of Bretschneider spectra for mean wave height 1-1=7 m, and mean wave period T=8 sec, 10 sec and 12 sec. Higher frequency components have smaller energy while lower frequency components have greater energy. Fig. 4 shows examples of modal wave response spectra for the structure. Each spectrum has two peaks: one at the mean wave frequency corresponding to the wave force (peak 1) and the other at the first natural frequency of the structure-pile-soil system (peak 2) corresponding to the predominant frequency response function. The response curves are significantly affected by the input wave loading conditions (peak 1). On the other hand, when the mean wave period is larger, the peak values of the modal response curves (peak 2) are smaller due to increase in the hydrodynamic damping effects. This is due to the characteristics of the linearized damping forces. The equivalent damping coefficient CD is a function of the relative velocity. When the mean wave period is larger, the wave energy, wave forces, relative velocity are also larger; and therefore damping forces increase.
The rms responses are computed for mean wave periods ranging from 5 to 15 sec and for mean wave heights, 11=3 m (strong winds) and 11=7 m (severe storms). Fig. 5 shows the rms response displacement at node 1 (top node) and Fig. 6 shows the rms response bending moment at node 9 (base node) for different sea states. The responses considering the soil-structure interaction are compared with those for the rigidly supported base condition, and the first three vibrational modes are used for the analysis. It is shown that the responses are generally larger when the interaction effects are included. However, there are few differences when the mean wave period is longer, that is, the responses are little affected by the foundation type. Further, as the mean wave period approaches the predominant period of the structure, Table 1 Natural periods of the tower (sec). the response values rapidly increase because of the resonance phenomenon. Similar results are likewise observed for rms response bending moment. Therefore, it is very important to determine the predominant natural frequency of the offshore structure accurately, in order to include the vibrational mode effects on the dynamic soil-structure interaction.
(2) Dynamic response to earthquakes The size of an earthquake is expressed quantitatively as magnitude', which is a measure of the amount of strain energy at the source. For earthquakes of magnitude more than 4 (Japanese scale), ground motions are severe and structural damages are anticipated. Fig. 7 is a plot of Kanai's ground acceleration spectrum for magnitude 4 (rms ground acceleration, uu9=30 gal) and magnitude 5 (Q9=100 gal). Marine soil is usually soft and therefore a characteristic ground frequency of 10 rad/sec is assumed. An example of modal seismic response spectrum is shown in Fig, 8 . Unlike wave response spectrum, this spectrum has only one peak which is very sharp at the first natural frequency of the structure. This is due to the characteristics of the frequency response function. Since the peak frequency of the power spectrum of the ground motion is very far from the predominating frequency of the structure, it is shown that the corresponding frequency response function has significant effects on the response. Fig. 9 shows the rms displacement and rms bending moment at node 1 and node 9, respectively. The rms responses increase with the increase in the ground acceleration. The dynamic response for the Fig, 5 RMS displacement at node 1. Fig, 6 RMS bending moment at node 9. Fig, 7 Kanai's ground acceleration spectrum. Fig. 8 Modal seismic response spectrum.
soil-structure interaction condition is generally smaller than that for the rigidly supported base condition because of the energy dissipation of the pile-soil foundation system. This phenomenon has different properties from the response for sea wave loading. Since the response velocity of the structure is small regardless of the intensity of input motion, the nonlinear drag force has few contributions on the response.
Comparison of sea wave response and earthquake response Since the wave response of the structure varies with wave field parameters namely mean wave height H and mean wave period T, and the seismic response is a function of the ground vibration, expressed quantitatively as the rms ground acceleration, it
is not possible to compare those responses directly. But, by employing the principles of first-passage probabilities, it is possible to estimate the relative significance of these responses. The wave loading condition, for which the mean wave height is 7 m and the mean wave period is 10 sec, is assumed. This sea state has a return period of approximately a few decades. The earthquake loading conditions are represented using rms ground accelerations, varying from 20 gal to 150 gal, which correspond to design ground motions. The reliabilities on the first passage are presented in Fig. 10 for the rigidly supported base condition and in Fig. 11 for the soil-structure interaction condition. The barrier level A is expressed in terms of the rms response displacement of node 1 for the wave loading. The duration time t0 is expressed in terms of the first natural period Ta of the structure-pile-soil system. Since, the wave motion has the duration time of a few hours, reliable displacement can be evaluated for a large value of peak factor. On the other hand, the corresponding displacement may be caused by very severe earthquake ground motion because earthquake ground motion has comparitively short duration time of less than a few minutes. Therefore, studies on the first passage probabilities indicate that wave loadings have more significant effects on response evaluations because of the longer duration time for the numerical examples of this study.
CONCLUSIONS
The principal conclusions of this study are as follows (1) The response of offshore structures mainly depends on the first few vibration modes. Therefore it is important to determine accurately these vibration modes and the natural frequencies.
(2) The wave response normally increases with increasing mean wave height and mean wave period. The response values are strongly influenced by the drag forces.
(3) The wave response for the soil-structure interaction condition is higher than that for the rigidly supported base condition. However, for longer wave periods there are few differences in the response values.
(4) The seismic response varies with the input ground acceleration and the first natural frequency. The response values are lower for the soil-structure interaction condition than for the rigidly supported base condition due to the energy dissipation of the pile-soil foundation system.
(5) The effects of drag force provide small contributions on the seismic response including the dynamic soil-structure interaction.
(6) The reliability studies on the first passage probabilities for sea waves and earthquake loadings show that wave loading is the dominating design criterion because of the longer duration time.
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